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Abstract 

The effect of the potential antidiabetic drug (-)(S)-3-isopropyl 4-(2-chlorophenyl)-l,4-dihydro-l-ethyl-2- m ethyl-pyridine- 
3 5 6-tricarboxylate (Wl 807) on the catalytic and structural properties of glycogen phosphorylase a has been studied. 
Glycogen phosphorylase (GP) is an allosteric enzyme whose activity is primarily controlled by reversible phosphory- jm 
lation of Serl4 of the dephosphorylated enzyme (GPb, less active, predominantly T-state) to form the phosphorylated • ■ 

enzyme (GPa, more active, predominantly R-state). Upon conversion of GPb to GPa, the N-terminal tail (residues 5-22), ^ 
which carries the Serl4(P), changes its conformation into a distorted 3 10 helix and its contacts from intrasubunit to 
intersubunit. This alteration causes a series of tertiary and quaternary conformational changes that lead to activation of J* 
the enzyme through opening access to the catalytic site. As part of a screening process to identify compounds that , might ^ 
contribute to the regulation of glycogen metabolism in the noninsulin dependent diabetes diseased state, W1807 has p 
been found as the most potent inhibitor of GPb (K, = 1 .6 nM) that binds at the allosteric site of T-state GPb and produces «^ 
further conformational changes, characteristic of a T'-like state. Kinetics show W1807 is a potent competitive inhibitor W 
of GPa (-AMP) {K, - 10.8 nM) and of GPa (+ 1 mM AMP) {K, = 19.4 pM) with respect to glucose 1 -phosphate and p" 
acts in synergism with glucose. To elucidate the structural features that contribute to the binding, the structures of GPa m 
in the T-state conformation in complex with glucose and in complex with both glucose and Wl 807 have been determined q 
at 100 K to 20 A and 2.1 A resolution, and refined to crystallographic lvalues of 0.179 (R free = 0.230) and 0.189 q 
(R, =0 263) respectively. W 1 807 binds tightly at the allosteric site and induces substantial conformational changes «g 
both in the vicinity of the allosteric site and the subunit interface. A disordering of the N-terminal tail occurs, while the ^ 
loop of chain containing residues 192-196 and residues 43'-49' shift to accommodate the ligand. Structural comparisons 
show that the T-state GPa-glucose-W1807 structure is overall more similar to the T-state GPb-W1807 complex structure 
than to the GPa-glucose complex structure, indicating that W1807 is able to transform GPa to the T'-like state already 
observed with GPb. The structures provide a rational for the potency of the inhibitor and explain GPa allosteric 
inhibition of activity upon W1807 binding. 
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Glycogen phosphorylase (GP), a key-enzyme in the regulation of 
glycogen metabolism, catalyzes the degradative phosphorolysis of 
glycogen to glucose 1-phosphate (Glc-l-P). In muscle, Glc-l-P is 
utilized via glycolysis to generate metabolic energy, and in the 
liver it is converted to glucose (Glc). The enzyme exists in two 
interconvertible forms: the dephosphorylated form, GPb, and the 
phosphorylated form, GPa. In resting muscle the enzyme exists in 
the inactive form (GPb), which can be activated either by non- 
covalent cooperative binding of AMP (or IMP) or by covalent 
phosphorylation to form GPa. GPa does not require AMP for ac- 
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tivation, although addition of AMP can produce a 10-20% in- 
crease in activity. Both forms can exist in a less active T-state and 
a more active R-state according to the Monod-Wyman-Changeux 
model for allosteric proteins (Monod et aL, 1965). The T-state is 
stabilized by the binding of ATP, Glc-6-P, Glc, and caffeine, and 
the R-state is induced by AMP (or IMP) substrates or certain 
substrate analogues (Johnson et aL, 1989; Johnson, 1992; Oikono- 
makos et aL, 1992). GPa has escaped some of the allosteric con- 
trols to which GPb is subject, because activity is no longer inhibited 
appreciably by ATP or Glc-6-R In fact, ATP inhibits that extra 
activity caused by the AMP (Fletterick & Madsen, 1980), while 
Glc-6-P inhibits the enzyme at nonphysiological concentrations 
(Melpidou & Oikonomakos, 1983). 

X-ray diffraction studies (Sprang et aL, 1988; Barford & John- 
son, 1989; Barford etal., 1991; Sprang et aL, 1991) have shown the 
conformational changes that take place following activation of the 
muscle enzyme on conversion from the T- to R-state by phosphor- 
ylation or AMR In the T-state structure of GPb, N-terminal residues 
10-22 (residues 1-10 are not located) are in an extended /3-stranded 
conformation, are poorly ordered, and make intrasubunit contacts. 
On phosphorylation, there is a dramatic conformational change so 
that the N- terminal residues, 10 to 22, swing through 120° with 
respect to their position in GPb and change their structure to a 
distorted 3i 0 helix and their contacts to intersubunit (Fig. 1). The 
Serl4-P forms ion pairs with Arg69 of the a2 helix (residues 47- 
78) and Arg43' in the cap' (residues 36' to 47') of the symmetry- 
related subunit. On activation by AMP, a high affinity AMP binding 
site is formed, which involves residues Asp42', Asn44', and Val45' 
from the cap', residues Gln71 and Tyr75 from the al helix, residues 
Arg309 and Arg310 from the a8 helix (residues 289-314), and res- 
idues from the 315-325 loop (the loop following helix a8), which 
is ordered and appears to be an important AMP binding determi- 
nant. Furthermore, in the PLPP-GP6-AMP (Sprang et aL, 1991) com- 
plex structure, the N-terminal residues were found to be partially 
ordered in a similar conformation to that observed in GPa with the 
exception that the crucial side chains of Arg43' and Arg69 are not 
located. The signals from either phosphorylation or AMP activation 
are transmitted via the quaternary structural changes and extensive 
changes in tertiary structure at the subunit interface. On the T to R 
transition, the quaternary structural change is represented by a ro- 
tation of each subunit by 5° about an axis positioned close to the 
cap'/tf2 interface. As a result, the cap'A*2 interface is tightened and 
the other major interface comprising the tower helices (residues 262 
to 276) is weakened, allowing communication of events at the allo- 
steric site to those at the catalytic site and vice versa (Barford & 
Johnson, 1989). Residues from the top of the tower are in van der 
Waals' contact with side chains in the 280s loop of the other sub- 
unit, and this indirect connection between the catalytic site and the 
subunit interface is of key importance for the transmission of con- 
formational changes from one subunit to the other. On transition from 
T- to R-state, the 280s loop becomes disordered and displaced, thus 
opening a channel that allows substrate access to the catalytic site. 
The catalytic site is buried approximately 15 A from the surface and 
is close to the cofactor pyridoxal phosphate (Fig. 1). Glc (or Glc an- 
alogues) bind at the catalytic site and promote the T-state, through 
stabilization of the closed position of the 280s loop. Caffeine can 
bind. simultaneously, at the inhibitor site, situated at the entrance to 
the catalytic site (some 10 A from it) and inhibit enzyme activity 
synergistically (with Glc). 

Glc is a physiological regulator of hepatic glycogen metabolism 
that promotes inactivation of GPa and acts synergistically with 



Fig. 1. A schematic diagram of the GPa dimeric molecule viewed down 
the twofold axis for residues 5 to 838. The positions are shown for the 
catalytic, allosteric, phosphorylation, and the inhibitor site. The catalytic 
site, which includes the essential cofactor pyridoxal phosphate (PLP; yel- 
low), is buried at the centre of the subunit accessible to the bulk solvent 
through a 15 A long channel. Glc (shown in orange), a competitive inhib- 
itor of the enzyme that also promotes the less active T-state through sta- 
bilization of the closed position of the 280s loop (shown in white), binds 
at this site. The allosteric site, which binds the activator AMP, other phos- 
phorylated compounds such as ATP, and the allosteric inhibitor W1807 
(shown in magenta), is situated at the subunit-subunit interface (between 
the cap' (of the other subunit), the al helix and the a8 helix) some 30 A 
from the catalytic site. Residues of the allosteric site(s), interacting with 
W1807, are shown highlighted in both subunits. The phosphorylation site 
(Serl4), which, in the T-state GPb, is located close to an acidic site on the 
surface of the enzyme (residues 13-24 shown in yellow), on activation by 
phosphorylation adopts a different location at the subunit-subunit interface 
some 12 A from the allosteric site (residues 5-24 shown in orange with the 
Serl4-P displayed). The inhibitor site, which binds purine compounds such 
as caffeine (shown in green), is situated at the entrance to the catalytic site 
tunnel, formed by two hydrophobic residues of Phe285 and Tyrol 3 (the 
figure was produced using XOBJECTS, a molecular illustration pro- 
gramme; M.E.M. Noble, unpubl. results). 



insulin leading to diminished glycogen degradation and enhanced 
glycogen synthesis (Bollen & Stalmans, 1992). It has been postu- 
lated that Glc analogues with greater inhibition of GPa may result 
in more effective regulatory agents than Glc and that powerful and 
specific inhibitors of GP should shift the balance between glyco- 
gen breakdown and glycogen synthesis in favor of the latter (Mar- 
tin et al., 1991). Such compounds may be of therapeutic benefit 
in the treatment of the noninsulin-dependent .(Type 2) form of 
diabetes mellitus. 

During the last five years, a systematic work has been carried 
out involving structure assisted design, synthesis, kinetic charac- 
terization, and crystallographic binding studies that led to the dis- 
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covery of over 80 Glc analogues inhibitors that have an increased 
affinity for GPb than Glc itself (Ki = 1.7 mM) (Tsitsanou et al., 
1999, and references, therein). The starting point for the rational 
design of these compounds was the X-ray crystal structure of 
T-state GPb-Glc complex. In recent work, W1807 (Scheme 1) was 
synthesized and found to be the most potent competitive inhibitor 
known of GPb with a Ki = 1.6 nM (with respect to AMP), a value 
which is 10 6 -fold lower than the corresponding K ( for the physi- 
ological inhibitor Glc. A 2.3 A resolution study of the cocrystal- 
lized GPb-W1807 complex revealed that W1807, which shows no 
chemical resemblance to any of the known regulators of GP, binds 
at the allosteric effector site of T-state GPb (Zographos et al., 
1997) and induces conformational changes characteristic of the T' 
state (Johnson et al., 1993). In more recent work, an inhibitor of 
human liver GPa, CP-91149 (Scheme 1), has been identified and 
characterized in vitro and in vivo (Martin et al., 1998). This com- 
pound was shown to be a potent inhibitor of human liver GPa with 
an IC 5 o of 1 fiM and to be synergistic with both Glc and caffeine. 
CP-91 149 was also shown to lower plasma Glc concentration in an 
animal model of Type 2 diabetes. 

In this work, we present a detailed understanding of the regu- 
lation of GPa activity through kinetic and X-ray binding studies 
with the W1807 compound. To improve the precision of our un- 
derstanding of the molecular basis of its potent inhibitory action on 
phosphorylase, the GPa-Glc, and GPa-Glc-W1807 cocrystallized 
complexes were analyzed at 2.0 and 2.1 A resolution, respectively. 
The detailed interactions of W1807 with the protein provide a 
structural explanation for the kinetic properties and show that Wl 807 
is an inhibitor that stabilizes a different conformation that of Glc. 
To address a possible explanation for the allosteric inhibition of 
GPa by W1807, structural comparisons were undertaken with var- 
ious structures of GPb and GPa and examined. 
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Scheme 1. W1807, showing the numbering system used, and CP-91149 
(Martin et al., 1998). 



Results 

Kinetics 

Kinetic experiments with GPa, in the absence of AMP, showed that 
W1807 is a potent inhibitor of the enzyme with a K { - 10.8 nM 
competitive with Glc-l-P (Fig. 2). K i>app values for W1807 were 
18.5, 24.0, 35.1, 58.2, and 130.5 nM, in the presence of 3, 4, 6, 10, 
and 20 mM Glc-l-P, respectively. Analysis of Lineweaver-Burk 
plots, obtained in the presence of constant concentration of AMP 
(1 mM) and glycogen (1%) and different concentrations of W1807 
and Glc-l-P, showed that W 1807 was also a competitive inhibitor 
of the enzyme with respect to Glc-l-P with an apparent K t = 
19.4 fiM (Fig. 3). Both the Scatchard and the Lineweaver-Burk 
diagrams showed concave upward curvature, suggesting positive 
homotropic effects between substrate binding sites (in the termi- 
nology of Monod et al., 1965). To investigate the interaction if any 
between W1807 and Glc binding to GPa, initial velocity studies 
were carried out by varying Wl 807 and Glc concentrations at fixed 
concentrations of the substrate Glc-l-P. The kinetic data indicate 
that W 1807 inhibition of GPa is synergistic with Glc, suggesting 
that both W1807 and Glc are able to bind to the enzyme at the 
same time (Segel, 1975). The effect of varying Glc concentration 
on the 7C 50 value for W1807 is shown in Figure 4. The 7C 50 value 
for W1807 inhibition is reduced from 88 to 22.7 nM in the pres- 
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Fig. 2. The kinetics of GPa inhibition by W1807 with respect to Glc-l-P 
in the direction of glycogen synthesis. Effect of Glc-l-P concentration on 
the K Uapp for W1807 inhibition of GPa. Kinetic data (in tetraplicate) ob- 
tained with 5 fig/mL GPa at a constant concentration of glycogen (1%) 
and various concentrations of the substrate Glc-l-P (3-20 mM) and in- 
hibitor (60-140 nM) were analyzed using Scatchard plots. [/] bound for a 
given Glc-l-P concentration was calculated by the equation [/]bound ~ 
[EltotaiC^o _ Vi)/V 0f where [£]totai is the total enzyme concentration, V- is 
the initial velocity at a given Glc-l-P concentration in the presence of 
W1807, and V 0 is the initial velocity in the absence of W1807. K i%app mean 
values (together with the standard deviations of the mean values, n = 4) 
plotted vs. Glc-l-P concentration yielded a curve from which an approx- 
imate Ki value of 10.8 nM can be calculated by extrapolation, assuming 
that W1807 is a competitive inhibitor with respect to Glc-l-P (K itapp = K t 
(I + [G\c-\-P]/K m ). The K Lapp mean values were as follows: 18.5 ± 
3.1 nM, 24.0 ± 3.9 nM, 35.1 ± 6.1 nM, 58.2 ± 10.8 nM and 130.5 ± 
22.6 nM, in the presence of 3, 4, 6, 10, and 20 mM Glc-l-P, respectively. 
Enzyme exhibited a value of 84.8 ± 2.7 /xmol mg~ l min" 1 (with 
respect to Glc-l-P) and a K m value of 4.1 ± 0.3 mM for Glc-l-P at 
saturating glycogen (19b). 
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Fig. 3. Kinetics of W1807 inhibition of GPa with respect to Glc-l-F in the presence of AMR Double reciprocal plots for GPa at 
constant concentrations of AMP (1 mM) and glycogen (1%) and various concentrations of inhibitor. Inhibitor concentrations were as 
follows: 0 (O), 50 (•), 100 (A), and 200 pM (A). Inset (top left): Kinetic data were transformed into Hill plots for Glc-i-/\ which 
yielded the apparent K m and Hill coefficients n. The apparent K m values and the Hill coefficients (given in parentheses) were 0.60 ± 
0.02 mM (n = 1.0), 2.1 ± 0.3 mM(n= 1.0), 3.6 ± 0.1 mM (n = 1.4), and 6.9 ± 0.2 mM (n = 1.3) at 0, 50, 100, and 200 /iM, 
respectively. Inset (top right): From the secondary plot of the apparent K m values versus inhibitor concentration, a K t value of 19.4 ± 
0.5 pM was calculated. The enzyme exhibited a V mM value of 91.1 ± 0.5 pmol mg~ l min" 1 (with respect to Glc-1-/ 5 ) at saturating 
glycogen (1%) and AMP (1 mM). 



ence of 10 mM Glc. Caffeine, a strong T-state inhibitor of the 
enzyme (with a K t value of 0.1-0.2 mM), is also known to be a 
competitive inhibitor with respect to Glc-l-P for GPa and to func- 
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Fig. 4. The effect of Glc on the potency of W1807. /C 50 values for GPa 
inhibition were determined in the direction of glycogen synthesis as de- 
scribed in Materials and methods with 5 /ig/mL enzyme at constant con- 
centrations of Glc-l-P (10 mM) and glycogen (1%), and varied W1807 
concentrations (40-120 nM) in the absence or presence of various con- 
centrations of Glc. The 7C 50 values were as follows: 88.3 ± 2.2, 58.0 ± 1.5, 
39.8 ± 1.8, 36.8 ± 1.7, and 22.7 ± 1.3 nM in the presence of 0, 2, 4, 6, and 
10 mM Glc, respectively. The normalized values (obtained by dividing 
these values by the 7C 50 value obtained in the absence of Glc) are plotted 
as a function of Glc concentration. 



tion with Glc in a synergistic mode (Kasvinsky et al., 1978), with 
each compound promoting the binding of the other (with an inter- 
action constant a of 0.2). The effect of Glc on the potency of 
W1807 could be an important physiological feature of a liver 
GPa inhibitor, as it has been suggested for the pair CP-91 149/Glc 
(Martin et al., 1998), because the decrease in inhibitor potency as 
Glc concentrations decrease in vivo should diminish the risk of 
hypoglycemia. 

X-ray crystallography 

Crystals of the T-state GPa can only be obtained in the presence of 
the aliosteric inhibitor Glc (Fletterick et al., 1976). Similarly, crys- 
tals of the T-state GPa-Glc-W1807 complex were prepared in the 
presence of 50 mM Glc and 1 mM W1807. Crystallographic data 
collection at 100 K, processing and refinement statistics for the 
cocrystallized GPa-Glc and GPa-Glc-W1807 complexes, is shown 
in Table 1. For both complexes, the refined 2F Q - F c electron 
density maps indicated that Glc bound at the catalytic site of GPa 
with the glucopyranose ring in chair geometry. Additional density 
at the aliosteric site, in the GPa-Glc-W1807, indicated tight bind- 
ing of W1807. There were also indications in both maps for bind- 
ing of a glycerol molecule; glycerol was used as a cryoprotectant 
in both low temperature crystallographic experiments. The elec- 
tron density for the Glc and the W 1 807 molecules as bound to the 
catalytic and aliosteric sites, respectively, of T-state GPa are shown 
in Figures 5 A and 5B. 

Interactions between Glc and catalytic site residues 
The mode of binding and the interactions that Glc makes with 
GPa in the absence or presence of W1807, at 100 K, are almost 
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Table 1. Diffraction data and refinement statistics for T-state GPa-Glc 
and GPa-W1807-Glc complexes at 100 K* 

' — — GPa-Glc GPa-Glc-W 1 807 



Space group 


P4 3 2i2 


X>A 9 9 




No. of images (°) 


60 (48°) 


50 PO ) 




Unit cell dimensions 


a = b = 127.2 A, c = 1 lo.i A 


r. — J> — 197 9 A r — 
CL — O — rV, C — 




Resolution 


1 J .0-2.0 A 


lift 9 1 A 
1J.U— Z.I r\ 




No. of observations 


448,708 


ii /,300 




No. of unique reflections 


57,879 


CI 




//cr(/) (outermost shell) 


14.62 (5.0) 


11.35 (2.5) 




Completeness (outermost shell) 


90.1% (92.6%) 


92.9% (87.3%) 




R m (outermost shell) 


0.079 (0.410) 


0.088 (0.242) 




Outermost shell 


2.03-2.00 A 


2.14-2.10 A 




Mosaicity 


0.4 


A >t 

0.4 




Refinement (resolution) 


* A O ^ A X 

10.2-2.0 A 


1 O A O 1 A 

1 j.U — Z. 1 A 




Residues included 


5-250, 261-313, 325-838 


C 1CA 0£A 1 1 /I IOC 




No. of reflections used (free) 


54,752 (2947 free) 


4o,9o4 (Zo4o tree) 




No. of protein atoms 


6,617 


6,603 




No. of water molecules 


807 


TCI 




No. of ligands atoms 


15 (PLP) 


1 C ( DT T}\ 

Ij ^rLr) 






OQ f\X/1filV7\ 

Zo W loO/; 






12 (Glc) 


19 fnirA 






4 (Serl4-P) 


4 (Serl4-r) 






6 (glycerol) 


6 (glycerol) 




Final R (%) (R fntt ) 


17.9% (23.0%) 


■t rt nor /^iT r\/Tt \ 

18.9% (26.0%) 




RMSD in bond lengths (A) 


0.008 


A AAO 
0.008 




RMSD in bond angles \ ) 


1 c 
l.j 


1.5 




Average B (A 2 ) for residues 


5-250, 261-313, 325-838 


5-250, 260-314,325- 


835 


Overall 


23.5 


28.9 




CA,C,N,0 


22.1 


28.0 




Side chain 


24.8 


29.7 1 




Average B (A 2 ) for ligands 








PLP 


19.9 


24.2 




Water 








W1807 




26.5 




Glc 


22.7 


25.9 




Serl4-/> 


29.9 


100.0 




glycerol 


32.9 


33.3 





a Merging fl m is defined as R m = 2 t 2*l(/*> - /ftl/S.S*///,. where (/*) and / tt are the mean and ith 
measurement of intensity for reflection K respectively. <x(I) is the standard deviation of /. Crystallo- 
graphy K-factor is defined as R = - |F e ||/2|Fj, where \F 0 \ and |F C | are the observed and 
calculated structure factor amplitudes, respectively. R^ is the corresponding K-value for a randomly 
chosen 5% of the reflections that were not included in the refinement. 



identical with those previously reported for GPa (Sprang et al., 
1982; Street et al., 1986) and those described for GPb (Martin 
et al., 1991) at room temperature. Glc on binding to GPa, in the 
absence of W 1807, makes a total of 16 hydrogen bonds and 58 van 
der Waals interactions (3 nonpolar/nonpolar, 12 polar/polar, and 
43 polar/ nonpolar). In the GPa-Glc-W1807 complex, there are in 
total 17 hydrogen bonds, an additional rather long hydrogen bond 
(3.3 A) is made between the ar-l-OH and main-chain N of Leul36- 
and 65 van der Waals contacts (4 nonpolar/nonpolar, 14 polar/ 
polar, and 47 polar/nonpolar). The structural results indicate that, 
in the presence of W1807, Glc can be accommodated at the cat- 
alytic site of GPa with essentially no disturbance of the structure 
(there are no significant differences in amino acid side chain po- 
sitions) and the interactions it makes are similar to those observed 
in the GPa-Glc complex. 



Interactions between W1807 and allosteric site residues 
In the crystallization mixture, the W1807 concentration was 
1.0 mM. The electron density suggests that the W1807 molecule is 
tightly bound at the allosteric site (Fig. 5B), consistent with the 
kinetic results. The position and conformation are similar with that 
observed for the refined structure of the T-state GPb-W1807 com- 
plex (Zographos et al., 1997). The allosteric site is situated where 
the C-termini of the helices a2 (residues 47-78) and a8 (residues 
289-314) come together. It is lined by strands of the central core 
of 04 (residues 153-160) and 011 (residues 237-247), and sur- 
rounded on the third side by the sort 07 strand (residues 191-193) 
and the following loop to residue 197. The site is closed by the 
cap' region (residues 36' to 47') from the symmetry-related sub- 
unit (superscript prime refers to residues from the symmetry- 
related subunit) and is some 35 A from the catalytic site (Fig. 1). 
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Fig. 5. Stereo diagrams of the catalytic and allosteric site of the refined GPa-Glc-W1807 complex, showing the bound (A) Glc and 
(B) W1807 and electron densities from the 2F 0 - F c maps. The contour levels correspond to — 1 RMSD of the maps (the figures were 
produced using XOBJECTS, a molecular illustration programme; M.E.M. Noble, unpubl. results). 



The two subunits of the functional dimer associate at two positions 
located on opposite sides of the enzyme molecule. One contact, the 
cap7<*2 interface, is formed by the association of the cap' with f37 
strand and the al helix of the other subunit. An identical interface 
is produced by the molecular twofold symmetry operation. A sec- 
ond subunit-subunit contact involves the tower interface and con- 
sists of the antiparallel association of two symmetry-related helices, 
al (residues 262-276). 

W1807 on binding at the allosteric site of GPa makes hydrogen 
bonds to suitable protein groups through each of the potential 
hydrogen bonding groups (except Nl) of the molecule and numer- 
ous van der Waals contacts. In the GPa- Glc-W 1807 complex struc- 
ture, W1907 makes a total of 9 hydrogen bonds (Table 2; Fig. 6) 
and 67 van der Waals interactions of which 25 are interactions 
between nonpolar groups. The negative charge on the carboxylate 
groups is neutralized by ion pairing with three arginines, Arg242, 
Arg309, and Arg310, and hydrogen bonding with Gln71, Gln72, 
and Asp42' through water molecules. Thus, carboxylate oxygen 
01 makes a direct contact to Arg242 (NH2) and an indirect contact 



to Gln71 NE2 via a water molecule (Wat357). Carboxylate oxygen 
02 makes two direct contacts with Arg309 (NH1) and Arg310 
(NH2). Carboxylate oxygen 03 interacts directly with Arg309 
(NH2) and Wat363, which in turn makes a direct contact to Ser313 
O. Carboxylate 04 makes hydrogen bonds to the NE of Arg310 
and Arg81 (via Wat564). Carbonyl oxygen 05 makes two indirect 
contacts with NE2 of Gln72 and OD2 of Asp42' (from the 
symmetry-related subunit). The chlorine atom of the chlorophenyl 
group makes polar contacts to Argl93 and Asp227, and there is a 
short contact between CL1 and the guanidinium group NH2 group 
of Argl93 (2.8 A) (but the corresponding distance in the GPb- 
W1807 complex is 3.6 A). W1807 on binding at the allosteric site 
exploits numerous van der Waals contacts, which are dominated by 
the substantial nonpolar contacts to Val45', Trp67, Ile68, Tyr75, 
and Phel96. These comprise mainly aromatic /aromatic inter- 
actions (chlorophenyl group/side-Phel96 side chain), CH/7T elec- 
tron interactions (methyl group/Tyr75 side chain, ethyl group/ 
Tyr75 side chain, and Yal45' side chain /chlorophenyl group), and 
nonpolar/nonpolar interactions (isopropyl group/CDl of Trp67, 
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Table 2. Hydrogen bonds and van der Waals contacts between the W1807 
and residues of the allosteric site of GPa* 



inniDHor 
atom 


A. Hydrogen bonds 

Protein atom 


Distance 
(A) 


01 


Wat357 


Z.J 




Arg242 NH2 


3.3 


02 


Arg309 NH1 


2.5 




Arg3lO NH2 


2.7 


03 


Arg309 NH2 


. 3.0 




Wat363 


2.7 


04 


Arg310NE 


3.1 




Wat564 


2.9 


05 


Wat521 


3.3 



B. Van der Waals contacts 



Inhibitor 




atom 


Protein atom 


CL1 


Argl93 CZ,NH2,CD; Asp227 0D2; Arg242 NH2; Wat409 


01 


Arg242 CZJSTH1; Arg310 NH2 


02 


Phel96 CE2; Arg242 NH1; Arg309 CZ,NH2; Arg310 NE,CZ 


03 


Arg309 NH1,CZ; Arg310 CG,NE 


04 


Ar81 NH2; Arg3l0 CG.CD; Wat363 


06 


Gln71 CB,CG 


C2 


Phel96 CE2 


C3 


Glul95 0E1; Phel96 CE2; Lys41' CE,NZ 


C4 


Glul95 0E1; Phel96 CE2,CZ; Lys41' NZ 


C5 


Phel96 CE2,CZ; Val45' CB,CG1 


CIO 


Gln71 CB 


C13 


Gln71 C,0; Gln72 N,CA; Tyr75 CB; Wat521 


CIS 


Phel96 CE2; Arg309 NH1; Arg310 NH2; Wat357 


C2S 


Arg310 CG,NE; Wat363; Wat564 


C3S 


Gln71 CB 


cm 


Tyr75 CB,CG,CD2 


C2H 


Ile68 CGl.CA 


C1M 


Tyr75 CD2; Wat35 1 


C2M 


Val40' 0; Lys41' CA 


C3M 


Trp67 CD1,0; Gln71 CG; Wat409 


Total 





No. of 
contacts 



6 

3 

6 

4 

4 

2 

1 

4 

4 

4 

1 

6 

4 

4 

1 

3 

2 

2 

2 

4 

67 



a Wat357 is in turn hydrogen bonded to Gln71 NE2 (bond distance - 3.0 A); o Wat363 is hydrogen 
bonded to Ser313 O (3.2 A); Wat564 is hydrogen bonded to Arg81 NH1 (2.6 A) and NH2 (3.2 A); 
Wat521 is hydrogen bonded to Gln72 NE2 (3.3 A) and Asp42' OD2 (3.4 A) (from the symmetry related 
subunit). 



and CA and CGI of lle68, and aliphatic part of Gln71). In total 
seven water molecules that are present in the native structure (GPa- 
Glc) are displaced on binding W1807 (Wat273, Wat517, Wat692, 
Wat695, Wat797, and waters Wat8 and Wat252 from the symmetry- 
related subunit), and one water, Watl4 (Wat409 in the GPa-Glc- 
W1807 structure), sifted to contact Asp227 0D2. The increase in 
entropy from the release of these waters, together with the van der 
Waals, halogen /polar, and the specific charge/charge interactions 
appear to be the major source of binding energy that results in an 
inhibitor with nM affinity for W1807 compared with mM affinity 
exhibited by Glc. 



Comparison of 100 K and room temperature structures 
of T- state GPa in complex with Glc 

The crystal structure of GPa in complex with the inhibitor Glc 
has been solved at 2.1 A resolution at room temperature (Sprang 
et al, 1988). Although its quaternary structure is T-state, the con- 
formation of residues at the Serl4-P site and the allosteric site 
(promoted by the Serl4-P and the N-termina! tail interactions) are 
almost identical to those observed in the R-state structure of GPa 
(Barford et al., 1991); both the N-terminal tail with Serl4-P is 
localized and the AMP site is in the high affinity state. However, 
the presence of Glc at the catalytic site of GPa prevents the prop- 
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agation of conformational changes from the subunit interface to 
the catalytic site, and the GPa-Glc structure is considered to rep- 
resent a conformation intermediate in the T — > R transition in 
which the regulatory apparatus at the N-terminus has been decou- 
pled from the catalytic site by Glc. 

The 100 K GPa-Glc structure at 2.0 A resolution is almost iden- 
tical to the earlier room temperature GPa-Glc structure at 2 J A 
resolution (Sprang et al., 1988), except for the regions of high 
B-f actors, and for certain side chains and flexible or surface loops 
that have slightly different conformations. Superposition of the 
100K and room temperature structures over well-defined regions 
(5-16, 22-249, 261-314, and 325-838) gave RMS deviations 
(RMSDs) of 0.314, 0.364, and 1.073 A for Car, main-chain, and 
side-chain atoms, respectively. Detailed examination showed that 
main-chain atoms of residues 16, 21-22, 127, 261, 325, 390, 434, 
547, 552-557, 560, and 611-612 differed in position by more than 
1.0 A. These are mostly on the surface facing the solvent or have 
little associated electron density and high temperature factors. 

Comparison between T-state GPa-Glc and T-state 
GPa-Glc-W1807 complexes 

Superposition of the 100 K structures over well-ordered parts of 
the GPa-Glc structure (residues 5-250, 261-313, and 325-835) 
gave RMSDs of 0.348, 0.356, and 0.724 A for Ca, main-chain, and 
side-chain atoms, respectively. The binding of W 1807 to the allo- 
steric site of the T-state GPa (in the presence of Glc) promotes 
extensive conformational changes. The major shifts for main-chain 
atoms are for residues 5 to 33 (between 0.5 to 2.2 A), residues 36 
to 43 (between 0.4 to 0.6 A), residues 45 to 52 (between 0.6 and 
1.2 A), residues 63 to 77 (between 0.4 to 1.4 A), residues 104 to 
129 (between 0.4 to 1.5 A), residues 183 to 186 (between 0.4 to 
0.6 A), and residues 192 to 196 (between 0.6 to 1.4 A) that affect 
the subunit-subunit interface in the region between the cap' (res- 
idues 36' to 47') and the loop between jS7 (residues 191 to 193) 
and j88 (residues 198 to 209) strands. The binding of W1807 to 
GPa is accompanied by certain local conformational changes in 
the vicinity of the allosteric site. The greatest changes include 
shifts of the main-chain atoms of residues 193 to 196 by about 0.8 
to 1.4 A with the phenyl ring of Phel96 moving toward the chlo- 
rophenyl group by 3 A, main-chain atoms of residues 71 to 77 by 
about 0.5 to 1.0 A with the side chain of Tyr75 moving toward the 



ethyl group by 1 A, and also shifts of the main-chain atoms of 
residues 45' to 49' of about 0.7 to 1.2 A. There are no changes at 
the catalytic site or at the tower/tower' helix subunit interface. 

In the GPa-Glc structure, the N-terminal segment (residues 5-22), 
which contains the phosphorylation site, folds into a distorted 3 10 
helix and make intersubunits contacts. The Serl4-P makes ionic con- 
tacts with two arginine residues, Arg69 from its own subunit and 
Arg43' from the other (symmetry-related) subunit. There are inter- 
subunit hydrogen bonds between ArglO and the carbonyl oxygen 
atom of residue Gly 1 16', between NE2 of Glnl2 and NZ of Lys28' 
and main chain O of Glnll4', between main chain O of lie 13 and 
NH1 of Arg43', between main chain O of Serl4 and ND2 and ODl 
of Asn3' and NE2 of His36'. The nonpolar residues that flank the 
Serl4, lie 13, aad Vall5 dock into hydrophobic pockets formed from 
the side chains of Leu35' and Arg43', andTyr51' and from the side 
chains of Ile68, Arg69, and His36', respectively. In the GPa-Glc - 
W1807 complex structure, the N-terminal tail, residues 5-22, is dif- 
ficult to locate. Examination of the electron density in this region 
indicates that there is poor density for Ser5, Gln7, Glu8, Lys9, ArglO, 
Glnl2, Ilel3, the Serl4-P group, Vall5, Leul8, and Glu22, but no 
electron density is observed for residues Asp6, Lysll, Serl4, the 
Serl4-P group oxygens, Arg 16, Gly 17, and Alal9, Gly20, and Val21. 
Indeed, residues 5-22 are the most disordered residues of the GPa- 
Glc-W1807 complex structure. When modeled and included in the 
refinement, residues 5-26 showed overall (5)-factor values of 
94.4 A 2 (with a value of 100.0 A 2 for Serl4-P). 

In the GPa-Glc complex structure, there are hydrogen bonds 
across the subunit interface in the vicinity of the allosteric site that 
are important in maintaining the dimer structure. Arg 193 hydrogen 
bonds to the main-chain oxygens of residues Leu39' (2.9 A), and 
Val40' (2.8 A), and Glul95 hydrogen bonds to Ly4T (2.5 A). 
These contacts are present in both T- and R-state enzymes. On 
forming the complex with W1807, the major shift in residues 193 
to 196 affects the positions of key subunit interface residues. How- 
ever, the intersubunit hydrogen bonding pattern is not changed. 
Arg 1 93 hydrogen bonds to the main chain O of Leu39' (3.1 A ). 
and Val40' (2.7 A ), and Glul95 is still able to hydrogen bond to 
Lys4l' (2.8 A ) because of compensatory shifts. The Tyrl857 
Pro 194 contact, which is an important subunit/subunit contact and 

a major link between the cap'/a2 and the tower/ tower' contacts, 

is also retained in the W1807 complex. 
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Comparison of the GPa-Glc-W1807 complex with the GPa-Glc 
complex structure indicated that the two structures could be su- 
perimposed after a transformation that corresponded to a rotation 
of 1 .2° and a translation of 0.57 A of the GPa-Glc-W 1 807 complex 
relative to the GPa-Glc complex structure such that one subunit 
was brought closer to the other across the twofold axis (which in 
the T-state crystal is also a crystallographic twofold axis of sym- 
metry) (Table 3). 

Comparison between T-state GPb-W1807 and T-state 
GPa-Glc-W1807 complexes 

The electron density map of the GPa-Glc-W1807 complex struc- 
ture indicated that W1807 binds in the same orientation and con- 
formation with that of W 1807 in the GPb-W1807 complex structure 
(Zographos et al., 1997) and the interactions formed by the func- 
tional groups of the W1807 at the allosteric site are essentially 
identical. Having superimposed the structures of the two com- 
plexes, it became apparent that they closely resemble. The binding 
of W 1807 in the T-state GPb crystals is accompanied by substantial 
conformational changes. The shifts in the region of 43' to 49' and 
192 to 196 affect residues remote from the allosteric site (such as 
Prol94), which in turn affect the subunit /subunit interface packing 
(Zographos et al., 1997). The enzyme shows a small rotation (1.6°) 
(Table 3), this rotation bringing the two subunits of the dimer 
closer together. In the GPb-W1807 complex, residues 43' to 49' 
move closer to the other subunit and tighten the W 1807 site, while 
residues 192 to 196 shift to contribute (through Phel96) van der 
Waals' interactions. These shifts appear important in stabilizing a 
modified T-state, denoted T', that is "more T-state than the T-state." 
It is remarkable that exactly the same shift is observed on binding 
W1807 to the allosteric site of GPa, and this indicates that binding 
of W 1807 to the allosteric site of GPa promotes a similar confor- 
mational state. The binding of W1807 to both forms of the enzyme 
appears to stabilize similar conformations. The LSQKAB compar- 
ison of the structure of the GPb-Wl 807 complex with the structure 



of the GPa-Glc-W1807 complex showed that the positions of the 
Ca and main-chain atoms for residues 13-250, 260-314. and 325- 
835 deviate from their mean positions by 0.262 and 0.289 A, 
respectively, indicating that the complexes are similar in their over- 
all conformation to. within the limits of the 2.3 A resolution data. 

Comparison between T-state GPa-Glc-AMP and T-state 
GPa-Glc-WJ807 complexes 

The structure of the Glc-inhibited GPa bound to AMP with data 
extending to .2.5 A resolution has been described (Sprang et al., 
1987). The binding of AMP to the GPa-Glc tetragonal crystals has 
been shown to be more characteristic of the activated (R) state of 
the enzyme. The superposition of the structure of the T-state GPa- 
Glc-AMP complex with the structure of the T-state GPa-Glc- 
W1807 complex over residues 5-15, 24-249, 261-314, 325-835 
gave RMSDs of 0.532, 0.559, and 1.236 A for Cor, main-chain, and 
side-chain atoms, respectively. Comparison of the GPa-Glc-AMP 
complex with the GPa-Glc-W1807 complex structure by super- 
imposition of the activation loci of both subunits of the dimers 
followed by determination of the transformation needed to best 
superimpose the subunits, indicated that each subunit rotates by 
1.0° (relative to GPa-Glc-W1807 subunits) about an axis that is 
nearly perpendicular to the molecular dyad (Table 3). Modeling 
studies suggest that the allosteric site of the T-state GPa-Glc-AMP 
complex cannot allow W 1 807 to bind unless residues Tyr75, Gln7 1 , 
and Val45', which otherwise would make unfavorable contacts to 
the inhibitor, change the (*1,#2) angles as follows: Tyr75 (*1 
from -88 to 179°; *2 from -67 to -108°), Gln71 (*2 from 159 
to -50°), and Val45' (*1 from 65 to -67°). 

Comparison with R-state GPa 

Superposition of the structure of the R-state GPa (subunit A) 
with the structure of the GPa-Glc-W1807 complex gave RMSDs of 
1.251, 1.261, and 2.1 19 A for C a , main-chain and side-chain atoms, 
respectively, for residues 10 to 250, 260 to 314, and 325 to 835. 



Table 3. Comparison between various phosphorylase structures with respect 
to the relative orientation of subunits* 





Displacement, 


Rotation, 




RMS 


X . 


Structures 


(A) 


(A) 


T-state GPa-Glc-W1807 vs. T-state GPa-Glc 


0.348 


1.2 


R-state GPa vs. T-state GPa-Glc-Wl 807 


1.251 


4.8 


T-state GPb-Wl807 vs. T-state GPa-Glc-W1807 


0.262 


0.0 


T-state GPa-Glc-AMP vs. T-state GPa-Glc-Wl807 


0.532 


1.0 


R-state PLPP-GPb-AMP vs. T-state GPa-Glc-Wl807 


1.217 


4.5 


T-state GPb vs. T-state GPb-Wl807 


0.440 


1.6 


R-state GPb- AMP vs. T-state GPa-Glc-Wl807 


1.076 


4.9 



a RMSDs in Ca positions and subunit rotations were determined following the method of Sprang et al. 
(1991) using the program LSQKAB (CCP4, 1994). Structural units (N-domain core, C-domain core, and 
activation locus) were those defined previously (Sprang el al., 1991). Subunit rotation (*) describes the 
rotation about an axis positioned near the central interface (residues 185 to 194) that is nearly perpen- 
dicular to the twofold axis of the dimer. Structures T-state GPa-Glc. T-state GPa-Glc-Wl807. T-state 
GPb-W1807 T-state GPa-Glc-AMP, T-state GPb, R-state PLPP-GPb-AMP, R-state GPa, and R-state 
GPb- AMP correspond to the T-state GPa-Glc complex (this work), the GPa-Glc-WlS07 complex (this 
work) the T-state GPb-Wl807 complex (Zographos et a!., 1997), the T-staie GPa-Glc-AMP complex 
(Sprang et ai., 1987), the T-state GPb (Gregoriou et at., 1998). the PLPP-GPb-AMP complex (Sprang 
et al.. \99\). the R-state GPa (Barford et al.. 1991). and the R-state GPb- AMP complex (Barford et al.. 
1991), respectively. 
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The transformation (obtained with LSQKAB) that allows super- 
position of the structures R-state GPa to T-state GPa-Glc-W i 807 
is similar to the transformations that allow superposition of R-state 
GPa to T-state GPa-Glc and R-state GPa to T-state GPb. These 
involve a rotation of one subunit by about 5° so as to bring the 
two subunits closer together at the twofold axis of the dimer. 
Modeling studies suggest that if W1807 were to be incorporated 
into the allosteric site of the R-state GPa structure, the site could 
accommodate WI807 but that it would bind with fewer con- 
tacts. Obviously, some alteration in the region of the allosteric 
site is necessary to allow W1807 to bind tightly. In particular, 
residues 192-196 would be required to shift toward the inhibitor 
to provide the contacts to the chlorophenyl ring but such a shift 
would be resisted by the subunit-subunit contacts that promote 
the R-state. 

Comparison with R-state PLPP-GPb-AMP 

Superposition of the R-state PLPP-GPb-AMP complex structure 
(subunit A) with T-state GPa-Glc-W1807 structure over regions 
24-249, 264-276, 289-313, and 325-835 gave RMSDs of 1.217, 
1.218, 1.897 A for Ca, main-chain, and side-chain atoms, respec- 
tively. Unlike the allosteric site of R-state GPa complex that would 
be able to accommodate W1807 without any significant change in 
structure, the binding of W1807 at the allosteric site of PLPP-GPb- 
AMP complex would require a change in the ^1 angle of Tyr75 
and *2 angle of Trp67 from -78° and 86° to 179° and 1°, 
respectively. 

Figures 7 and 8 show details of the contacts made at the allosteric 
site and the subunit /subunit interface (residues at the cap' and the 
start of the aT helix and the 07-/38 loop) for T-state GPb-W1807 
complex, T-state GPa-Glc complex, R-state GPa, T-state GPa-Glc- 
AMP complex, R-state GPb- AMP complex, and PLPP-GPb-AMP 
complex. With the exception of the T-state GPb-Wl 807 complex, 
the shifts for the residues 39'-52', 67-68/71, 75, 181 '--185', and 
193-196 in all complexes compared with the GPa-Glc-Wl 807 
complex are apparent, but the magnitude of both the tertiary and 
quaternary conformational changes differ in the various structures. 

Discussion 

It is generally considered that GPa has escaped some of the allo- 
steric properties of GPb. The allosteric constant L (the equilibrium 
constant for the transition between the R- and T-states, L = [To]/ 
[R 0 ]) for GPb is at least 3,300 and for GPa is between 3-13 
(evidence in Madsen, 1986). Thus, the AMP/ATP effects on GPa 
activity are far less pronounced than for GPb where ATP directly 
competes for AMP, an obligate allosteric activator. The activity of 
GPb can be enhanced from 0-1% to about 80% of that of GPa by 
AMP, whereas there is only a 10-20% increase in GPa activity by 
AMP. In addition, it has been suggested that it is only this "added" 
activity that ATP inhibits (Fletterick & Madsen, 1980). The most 
naturally occurring inhibitor of GPb is Glc-6-P, which in the mus- 
cle cell serves to maintain the enzyme in the T-state unless acti- 
vated by AMP or by phosphorylation to give GPa. Glc-6-P exhibits 
a AT, of 0.25 mM when competing with AMP (Oikonomakos et al., 
1995b). GPa is not appreciably inhibited by Glc-6-P, but it is 
inhibited at nonphysiological concentrations (Melpidou & Oikono- 
makos, 1983). Fletterick and Madsen (1980) have assumed that 
GPa inhibition by Glc-6-P is analogous to the ATP inhibition with 
both acting at the AMP site. Whether or not GPa can be inhibited 



by an inhibitor binding at the AMP site has remained an un- 
answered question. 

On the basis of our observations, we show that the binding of 
W 1807 at the activator AMP site of GPa inhibits the binding of the 
substrate Glc-l-P allosterically. This is, to our knowledge, the first 
direct evidence of GPa allosteric inhibition through ligand binding 
at the allosteric site. W1807, on binding to GPa, occupies a similar 
position to that observed for the AMP (Sprang et al., 1987) except 
that the position of the chlorophenyl ring component is quite dif- 
ferent from the adenine of AMP (Figs. 7C, 8C). It therefore seems 
probable that the lower affinity of W 1807 for GPa in the presence 
of AMP obtained in the kinetic experiments (Fig. 3) can be ex- 
plained because AMP ribose and phosphate group and the W1807 
isopropyl and carboxylate groups use distinct but mutually exclu- 
sive binding sites. Since both ligands must use these components 
to bind, any ternary complex of the type GPa- AMP-W 1 807 is 
unlikely to exist. 

A comparison of T-state GPa-Glc-W 1 807 and R-state GPb 
and GPa structures can reveal the predominant key interactions 
and conformational changes associated with W1807 binding to 
the allosteric site of GPa. The chlorophenyl, isopropyl, and ethyl 
groups of W1807 make extensive nonpolar interactions with the 
enzyme that involve the aromatic groups of Phel96, Try 67, and 
Tyr75, respectively, in addition to other side chains. The pyridine- 
5,6-dicarboxylate groups contact three arginine residues at the 
phosphate recognition site of the allosteric site. Modeling stud- 
ies suggest that the binding of W1807 to the R-state GPa would 
not result in any unfavorable contacts at the allosteric site. Al- 
though such a hypothesis would need to be confirmed by exper- 
imental measurement, the results suggest that W1807 on binding 
stabilizes the T' -state by formation of van der Waals contacts, 
hydrogen bonds, and ion . pairs. The mechanism of binding of 
W1807 to GPa is a clear example of induced fit. Enzyme over- 
all structure is altered by the binding of a small ligand. It seems 
likely that the formation of a stable ligand-protein complex re- 
quires conformational changes in the vicinity of the allosteric 
site, particularly in the backbone and side chain of residues 192 
to 196 and in the cap' region of the other subunit (residues 43' 
to 49') and some small quaternary structural changes. The key 
interaction is probably the backbone displacement of the loop 
192-196 to make van der Waals interactions with seven atoms 
of the ligand. W1807, therefore, upon binding to GPa results in 
additional favorable contacts with the enzyme. This may account 
for the observed specificity of GP for W1807. One of the most 
significant differences between T-state GPa-Glc and T-state GPa- 
Glc-W1807 complexes lies in that the N-terminal tail that carries 
the SerH-P cannot be located in the electron density map of the 
W1807 complex structure and is assumed to undergo a confor- 
mational shift. The structural results show that there are changes 
that affect the subunit-subunit contacts that are important in 
allosteric effects (Fig. 8). Unlike activation by phosphorylation, 
where the N-terminal residues shift with a change in conforma- 
tion from mobile to ordered, which is accompanied by changes 
in the tertiary and quaternary structure that lead to activation at 
the catalytic site, 45 A away from the Serl4-P site, once.WlS07 
is bound at the allosteric site it triggers transmission of effects 
that lead to inhibition in the muscle enzyme by favoring the R- 
to T-state transition of the enzyme. 

The crystallographic analysis of the W1807 complex has shown 
that diversity in ligand binding can be achieved with small con- 
formational shifts. The ability of GP to distinguish between AMP 
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(or ATP) (Sprana et al., 1987), Glc-6-P (or 2-deoxy-Glc-6- 
p)(Johnson et al., 1993; Oikonomakos et al., 1995b), and W1807 
(Zo<raphos et al., 1997; this work) appears to originate in protein 
flexibility in the region of the allosteric site, which result in addi- 
tional protein:ligand interactions. The different binding modes of 
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the AMP (or ATP) and Glc-6-P (or 2-deoxy-Glc-6-P) and the 
different contacts made to the enzyme compared to WI807 show 
a remarkable degree of plasticity for the allosteric site. This is a 
remarkable degree of versatility for a binding site, which is able to 
recognize specifically dissimilar compounds by employing the same 
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residues. Understanding such protein conformational flexibility will, 
be important in the design and optimization of inhibitors. 

In conclusion, the X-ray crystal lographic study of the GPa-Glc- 
W1807 complex showed that WI807 binds at the allosteric site, 
the site that binds AMP, at the subunit-subunit interface of the 
dimer, and induces conformational changes characteristic of at- 
state conformation. The detailed interactions of W1807 with the 
protein provide a staictural explanation for the potency of W 1807 
as an allosteric inhibitor of GPa and show that W 1 807 can stabilize 



a different conformation that of Glc. On binding to the allosteric 
site, W1807 is able to inhibit AMP binding directly and substrate 
Glc-l-P binding indirectly by stabilizing the T state. The results 
with W 1807 (this work) and with CP-91149 (Martin et al., 1998) 
show how nonphysiological compounds can be potent inhibitors 
of glycogen degradation. Furthermore, structural analyses can be 
further exploited (by means of new chemical modifications) to 
produce other potential compounds that could be developed as 
antidiabetic agents. 




Fig. 7. Continued. 
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Materials and methods 

Kinetic studies 

GPb was isolated from rabbit skeletal muscle according to Fischer 
and Krebs (1962) using 2-mercaptoethanol instead of L-cysteine 
and recrystallized at least four times. GPa was prepared from GPb 
by phosphorylation according to the method of Cohen (1973) using 
an active phosphorylase kinase y subunit truncated form (compris- 
ing residues 1-298), prepared as described (Owen et al., 1995), 
instead of phosphorylase kinase holoenzyme. GPa was recrystal- 
lized two times and bound nucleotides were removed from the 



enzyme as previously described (Melpidou & Oikonomakos, 1983). 
Protein concentration was determined from absorbance measure- 
ments at 280 nm using an absorbance index A'* m = 13.2 (Kas- 
tenschmidt et al., 1968). Calculations of GPa molarity were based 
on a MW of 97,434 (Johnson et al., 1989). Glc-l-P (dipotassium 
salt), AMP, (oyster) glycogen, and other chemicals were obtained 
from Sigma Chemical Company (St. Louis, Missouri). Glycogen 
was freed of AMP by the method of Helmreich and Cori (1964). 
Initial reaction rates were measured at pH 6.8 and 30 °C in the 
direction of glycogen synthesis as previously (Oikonomakos et al.. 
1995a). 




Fig. 8. Superposition of residues from the subunit-subunit interface in the GPa dimer. T-state GPD-WI807 complex superimposed 
onto the (A) T-state GPa-Glc-\Vl807 complex, (B) T-state GPa-Glc complex superimposed onto the T-siale GPa-Glc-W1807 complex. 
(C) R-state GPa superimposed onto the T-state GPa-Glc-Wl807 complex, (D) GPa-Glc-AMP complex superimposed onto the T-state 
GPa-Glc-W1807 complex. (E) R-state GPb- A MP complex superimposed onto the T-siate GPa-GIc-Wt807 complex, and (F) PLPP- 
GPb-AMP complex superimposed onto the T-state GPa-Glc-Wl807 complex are shown in stereo. Green. T-state GPa-Glc- W 1 807 
complex; red. T-state GPb-Wl807 complex: blue. GPa-G)c complex; magenta. R-state GPa: orange. T-state GPa-Glc-AMP complex, 
cyan. R-stale GPb-AMP complex; red-brown, PLPP-GPb-AMP complex (the figures were produced using XOBJECTS. a molecular 
illustration programme: M.E.M. Noble, unpubl. results). (Figure continues on facing page,) 
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Crystallographic studies 

Crystallization and data collection 

T-state GPa crystals were prepared essentially as described pre- 
viously (Fletterick et al., 1976) and crystals of GPa-Glc-W1807 
complex were grown, similarly, with 1 mM Bayer W1807. Just 
before data collection, the crystals were transferred to a fresh 
buffer solution (50 mM Glc, 10 mM magnesium acetate, 3 mM 
DTT, 10 mM Bes, 0.1 mM EDTA, 0.02 % sodium azide, pH 6.7, 
with or without 1 mM WI807) containing 30% v/v glycerol for 
30-60 s prior to mounting in a loop, and flash frozen (100 K). 
Data were collected from single crystals using a 18 cm diameter 
MAR Research (Hamburg, Germany) image plate system, which 
was mounted on the beamline X-ray diffraction (A = 1.0 A) at 
ELETTRA (Trieste, Italy). Data frames of 0.8-1.0° oscillation 
angle were collected over total angular ranges of 48-50°. Crystal 



orientation, integration, and data reduction were performed using 
DENZO and SCALEPACK (Otwinowski, 1993). 

Refinement 

Crystallographic refinement of the 100 K native GPa-Glc com- 
plex soaked with 30% glycerol was performed with X-PLOR ver- 
sion 3.8 (Briinger, 1996) using bulk solvent corrections. The starting 
protein structure was the 2.1 A refined model of the room tem- 
perature native GPa-Glc (with water molecules removed) (Sprang 
et al., 1988) kindly provided by Prof. R.J. Fletterick. Map inter- 
pretation using the program O (Jones et al., 1991) into difference 
density maps (F„ - F c and 2F () - F c ) showed strong density for 
Glc bound at the catalytic site. Several side chains of the enzyme 
model were adjusted, a model of Glc was fitted to the density at the 
catalytic site, and water molecules were built and retained only if 
they met stereochemical requirements. The final model was then 
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refined by the conventional positional and restrained individual * 
B-factor refinement protocol in X-PLOR 3.8 to give a final 7?-factor 
value of 17.9% (fl free = 23.0%). The final structure contained 
residues 5-250, 261-313, 325-838, and 807 water molecules. The 
average B-factors for main-chain, side-chain atoms, PLP, Glc, 
Serl4-P, a glycerol molecule (assigned at a later stage), and water 
molecules were 22.1, 24.8, 19.9, 22.7, 29.9, 32.9, and 34,4 A 2 , 
respectively. Residues where B-factor values exceed 60 A 2 include 
16-21 (overall atomic (B) factors 64.6 A 2 ). The average B-factors 
(main-chain atoms) for residues. 5-26 were 43.5 A 2 or 36.6 A 2 
(if residues 16-21 were excluded). The same region (16-21) is 
also poorly ordered in the structure of the room temperature en- 
zyme complex (Sprang et al., 1988). The program PROCHECK 
(Laskowski et al., 1993) was used to examine the stereochemistry 
of the model. The Ramachandran plot shows 89.7% of residues in 
the most favored regions, 9.6% of residues in the additional al- 
lowed regions, 0.5% of residues (four residues) in the generously 
allowed regions, and 0.1% of residues (one residue, Asp6) in the 
disallowed regions. 

Refinement of the GPa-Glc-W 1 807 complex was performed with 
XPLOR (version 3.8) (Briinger, 1996). All data between 13.0 and 
2.1 A were included with no sigma cut-offs. The starting structure 
was the 2.0 A refined structure of the T-state GPa-Glc complex 
(see above). The Fourier maps calculated with SIGMA A (Read, 
1986) weighted {F a - F c ) and (2F 0 - F c ) coefficients indicated 
binding of Glc at the catalytic site and W1807 at the allosteric site. 
The maps also indicated that the side chain of Arg309 had shifted 
into the allosteric site to contact the carboxylate oxygens 02 and 
03 of the inhibitor. A model of W1807 (Zographos et al., 1997) 
was fitted to the density at the allosteric site and Glc at the catalytic 
site. Water molecules in the GPa-Glc-W1807 complex were ex- 
amined, and those displaced by the ligand were removed. The final 
model was subjected to conventional positional and restrained in- 
dividual B-factor refinement to give a final fl-factor value of 1 8.9% 
(tffrec = 26.3%). The final structure contained residues 5-250, 
260-314, 325-835, and 784 water molecules. The average B-factors 
were 28.0 (main-chain atoms), 29.7 (side-chain atoms), 24.2 (PLP), 
26.5 (W1807), (25.9) Glc, 100.0 (Serl4-P), 33.3 (glycerol), and 
35.7 A 2 (water molecules), respectively. Residues where overall 
(B)-factors values (given in parentheses) exceed 60 A 2 include 
5-26 (94.4 A 2 ), 209-211 (66.2 A 2 ), 554 (62.4 A 2 ), and 831-835 
(70.9 A 2 ). The Ramachandran plot shows 90.4% of residues in the 
most favored regions, 8.9% of residues in the additional allowed 
regions, 0.5% of residues in the generously allowed regions, and 
only Asp6 (0.1% of residues) in the disallowed regions. 

Refinement of the GPb-W1807-gIycerol complex, by using the 
structure of the GPb-Glc complex (PDB accession 2GPB) as a 
starting model for X-PLOR (version 3.1) (Briinger, 1992), to a 
crystaHographic Rvalue of 19.8% (/? frec = 28.7%) for data be- 
tween 8.0 and 2.3 A, was described previously (Zographos et al., 
1997). Further crystaHographic refinement of GPb-Wl 807-glycerol 
complex performed using the version 3.8 of the X-PLOR by ap- 
plying solvent mask correction and including all reflections be- 
tween 30 and 2.3 A was recently described (Tsitsanou et al., 1999). 

The structures were analyzed with the graphics program O (Jones 
et al.. 1990. Hydrogen bonds were assigned if the^ distance be- 
tween the electronegative atoms was less than 3.3 A and if both 
angles between these atoms and the preceding atoms were greater 
than 90°. Van der Waals interactions were assigned for nonhydro- 
gen atoms separated by less than 4°. The protein structures were 
compared using LSQKAB (CCP4, 1994). 



Coordinate sets for comparison were: room temperature T-state 
GPa-Glc complex (Sprang et al., 1988), T-state GPa-Glc- AMP 
complex (Sprang et al., 1987), T-state 100K GPb (Gregoriou et al., 
1998) (PDB code 2GPN), T-state 100K GPb-W1807 complex 
(Zographos et al., 1997) (PDB code 2AMV), room temperature 
R-state GPa (Barford et al., 1991) (PDB code 1GPA), room tem- 
perature R-state GPb- AMP complex (Barford et al., 1991) (PDB 
code 7GPB), and room temperature PLPP-GPb-AMP (Sprang 
et al., 1991) (PDB code 1PYG). Coordinates for T-state 100K 
GPa-Glc and GPa-Glc-Wl 807 complexes have been deposited with 
the Protein Data Bank, Brookhaven National Laboratory, Upton, 
New York (PDB codes 2GPA and 3AMV, respectively). 
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